ABSTRACT: In northern Australia the northern salt marsh mosquito Aedes vigilax is a vector of Ross River virus and is an appreciable pest. A coastal wetland adjacent to Darwin's residential suburbs offers a favorable habitat for Ae. vigilax, and despite vigilant mosquito control efforts, peaks of Ae. vigilax occur in excess of 500/trap/night some months. To improve mosquito control for disease and nuisance biting to nearby residential areas, we sought to investigate meteorological drivers associated with these Ae. vigilax peaks. We fitted a cross-sectional logistic regression model to weekly counts of female Ae. vigilax mosquitoes collected between July, 1998 and June, 2009 against variables, tide, rainfall, month, year, and larval control. Aedes vigilax peaks were associated with rainfall during the months September to November compared with January, when adjusted for larval control and tide. To maximize mosquito control efficiency, larval control should continue to be implemented after high tides and with increased emphasis on extensive larval hatches triggered by rainfall between September and November each year. This study reiterates the importance of monitoring and evaluating service delivery programs. Using statistical modelling, service providers can obtain solutions to operational problems using routinely collected data. These methods may be applicable in mosquito surveillance or control programs in other areas. Journal of Vector Ecology 40 (2): 277-281. 2015.
INTRODUCTION
The tropical region of northern Australia has a characteristic monsoonal climate with a wet season from December to April. There is little or no rainfall during MayAugust (the dry season), and there is an extremely hot and humid late-dry season from September to November, which is locally referred to as 'the build-up. ' Darwin, on the northern coast (12° S), has a number of suburbs situated adjacent to an extensive coastal reed and mangrove wetland. This wetland is recognized as an important larval habitat for Aedes vigilax (Skuse), the northern salt marsh mosquito (Jacups et al. 2009 , Kurucz et al. 2009a , Dale 2010 ). This species is an aggressive biter and an established vector for Ross River and Barmah Forest viruses (Whelan et al. 1997 , Russell 1998 , making it an important vector species and an appreciable pest species (Mackerras 1926 , Marks 1967 , Gislason and Russell 1997 , Webb and Russell 1999 , Dale 2010 .
Northern Territory Government Medical Entomology conducts routine adult mosquito trapping using CO 2 -baited encephalitis virus surveillance traps (EVS), carrying out ground and aerial larval control for Ae. vigilax and other species following high tides and rain events in the swamp system bordering a number of Darwin suburbs. Insecticides used for control operations over the years include Bacillus thuringiensis var. israelensis (Bti) , s-methoprene, and temephos. Despite Medical Entomology's intensive mosquito control efforts, Ae. vigilax numbers often peak across the calendar months and seasons, with more than 500 Ae. vigiax per trap overnight. As high Ae. vigilax numbers are not seasonal, they are difficult to predict, showing no discernable pattern of association with tide or wet season months. When they occur close to urban areas, they pose biting nuisance problems and prompt public health concern for potential mosquito-borne disease outbreaks (Whelan 2007) .
Other studies using similar data sets have identified the key drivers explaining Ae. vigilax abundance in this same wetland as maximum tide height and total monthly rainfall (Jacups et al. 2009 , Kurucz et al. 2009a , Yang et al. 2009 , Kurucz et al. 2010 . Yang et al (2009) continues the argument to suggest that this indicates that basic environmental monitoring data can be coupled with relatively simple density feedback models to predict the timing and magnitude of mosquito abundance peaks. However, they did not account for mosquito control efforts, the application of larvacides after high tides and significant rain events, therefore, these models do not provide accurate predictions in situations where controls are routinely applied.
Although other studies have used statistical modeling to guide improved mosquito control coverage, they have usually required further field studies to obtain the required data (Shaman et al. 2002) (Mostashari et al. 2001 , Chaki et al. 2009 ). Here we have applied statistical modelling methods using weekly mosquito trapping and weather data to determine the most important meteorological variables associated with Ae. vigilax peaks when adjusting for larval control application. As the mosquito peaks are unseasonable and do not show discernable patterns after tides or wet season rainfall, we needed a statistical model to better explain their associations. The benefits of identifying key environmental and seasonal drivers will enable improved mosquito control interventions (Dale 2010) .
MATERIALS AND METHODS
Darwin is situated in the tropical zone of Australia (12° 28' S, 130° 51' E) and experiences a monsoon climate, with a high average annual rainfall of 1,708 mm. Most rainfall occurs during the wet season, defined as December-April, the dry season as May-August, and the build-up season September-November (Jacups et al. 2011) . We accessed hourly rainfall (from the Karama rainfall gauge, Darwin Bureau of Meteorology (BOM)) located 830 m from the trap; hourly tide data were provided by the BOM for the study period (Australian Bureau of Meteorology 2010). In order for inundation events of maximum tide height and/or rainfall to be attributed to mosquito numbers, we applied the period 9-13 days prior to adult mosquito collection. Th is time frame incorporates larval development time of eight days from egg to pre-dispersal adult. The minimum temperature for larval development of Aedes aegypti was 8.3 ± 3.6° C (Tun-Lin et al. 2000) , as temperatures are fairly constant this close to the equator in Darwin (12° S). As mean monthly temperatures for Darwin (1954 Darwin ( -2010 range from 29.6-32.0° C (Australian Bureau of Meteorology 2010), it is unlikely that temperature variation reduced larval development times for Ae. vigilax at this location. A fixed lag period, such as ten weeks, would not have been able to incorporate varied trapping dates because traps are routinely set Mondays and collected Tuesdays. However, this may be staggered depending on operational logistics. Additionally, a fixed lag could not have incorporated the effects of larvicidal control efforts, which are effective immediately. We included all female Ae. vigilax mosquitoes collected from a single trap, set weekly (419 weeks) overnight (late afternoon, collected early morning). EVS CO 2 -light traps (Rohe and Fall 1979) , set at 1.2 m, the same location bordering the coastal wetland between July, 1998 and June, 2009, were included in the analyses. Mosquito identifications were performed by Medical Entomology in Darwin, with subsamples of 300 mosquitoes identified to species level, and the total number of Ae. vigilax determined by weight (Kurucz et al. 2005 , Bisevac et al. 2009 ). Only female mosquitoes were included in this analysis. Adult female mosquitoes exceeding 500/trap/night was the chosen cut-off level indicating a mosquito 'peak, ' as this number had previously been established as an indicator of high levels of public complaints (Whelan 2007) .
Mosquito control data
Aerial and ground mosquito control operations for Ae. vigilax conducted by Medical Entomology were included in the analysis as the dates and areas (hectares) controlled. During the aerial and ground control operations, a variety of insecticides with different formulations were used, including Bacillus thuringiensis var. israelensis (Bti), temephos, and methoprene products. As the mean level of control was 22 hectares (ha) per application, we selected >20 ha to approximate mean application, and greater than >100 ha (90 th Centile) to provide a cut-off level approximating high application.
Statistical methods
The highest rainfall event and the cumulative rainfall were calculated for each 9 to 13 day period prior to the trap collection. A comparison was made between weekly collections of Ae vigilax numbers in the trap (<500 vs ≥500) using Student's t-test and Chi square to test for associations between Ae. vigilax mosquito peaks (≥500) and calendar month and season.
Cross-sectional models are structural equation models used to analyze longitudinal data. They offer an alternative to time-series models when applied to repeated measures data as they adjust for the previous information provided from the same location, ie., the autoregressive or cross-lagged effects (Selig and Little 2012) . In this study, we fitted a cross-sectional logistic regression model to weekly peaks of female Ae. vigilax mosquitoes ≥500 per trap (success in this logistic regression is the occurrence of a peak), against independent variables: calendar month, year, meteorological variables (cumulative rainfall and high tide), and larval control efforts (ha sprayed). The best model was determined by Akaike's information criterion (AIC) and maximum log-likelihood methods (LL).
The multivariate logistic regression model was in the form of:
Log e (P/[1-P]) = α + β 1 x 1 + β 2 x 2 + … + β n x n
(1)
where P is the probability of a peak of Ae. vigilax female mosquitoes (≥500), x 1 are meteorological variables, and α, β 1…n are constants estimated from the data. Odds ratios (OR) were determined instead of coefficients for ease of comparison. All analyses were performed using STATA version 11.0 (Stata Corp., College Station, TX, U.S.A.). 
RESULTS
Overnight trap peaks of ≥500 female Ae. vigilax only occurred in months 1 and 8 to 12, (Table 1, Figure 1 ). There was a statistical difference between when peaks ≥500 occurred by calendar month (χ 2 = 69.8, p<0.0001). There was no difference between maximum tide (9 to 13 days) preceding EVS collection and Ae. vigilax mosquito <500 vs ≥500 events, (t-test, p=0.406) ( Table 2) . Table 3 indicates the cumulative mean and maximum rainfall by month, and no statistical test is available for this comparison. The cross sectional logistic regression final model was fitted without the addition of interaction terms as they did not improve the fit. The final main effects model was:
Peak Ae. vigilax ≥500 ~ (0.34) tide+ (0.003) cumulative rainfall -(0.006) hectares controlled+(0.49) month+ (0.08) year This model indicated cumulative rainfall during the (9 to 13 days) preceding EVS collection was statistically significant p=0.04, indicating rainfall to be a driver of the Ae. vigilax peaks (≥500). Larval controls had a significant inverse effect on Ae. vigilax peaks when ≥100 ha were sprayed, p=0.046 (Model 1, Table 4 ). Calendar months 2 to 7 are empty in the model, as no peaks occurred during these months. Calendar months 9 to 11 had significantly more peaks than the reference month of January (Model 1, Table 4 ). November had the highest association with Ae. vigilax peaks, p<0.001 (Model 1, Table  4 ). Year was not statistically associated with Ae. vigilax peaks but retained in the model to control for yearly variation.
DISCUSSION
Our study indicates that tide height was not associated with mosquito peaks in the crude (t-test) or the adjusted analysis (Model 1) indicating that larval control efforts, which are routinely applied after high tides, are adequately controlling mosquito populations subsequent to tidal events. After adjusting for larval mosquito control operations, Ae. vigilax peaks of ≥500 were associated with unseasonal (pre-wet season) rainfall during the build-up months (September-November), rather than the more intuitive wetseason months. There were relatively few peaks in August to October and December to January indicating that the current mosquito control operations are preventing many mosquito peaks. Aedes vigilax peaks mostly occurred in November, with an increased risk compared with January (reference month). These findings are supported by other publications showing that late dry-season high tides, followed by early wet-season rain lead to extensive breeding, with Ae. vigilax larval densities highest in November and December each year (Jacups et al. 2009 , Kurucz et al. 2009f, Kurucz et al. 2009a ). Yang et al. (2009) also suggested that seasonal peaks of reproduction and abundance occur at the beginning of September and early November, respectively (Yang et al. 2009 ).
Appreciable rain in Darwin usually commences in December, with heavy rains in the months following. Larval control for Ae. vigilax is less relevant later in the wet-season when the wetland becomes seasonally flooded, creating the opportunity for larval predation by fish and aquatic insects, and offering fewer sites for oviposition (Ritchie 1984 , Jacups et al. 2009 Table 3 . Mean and maximum cumulative rainfall for 9 to13 days prior to trapping vs other days.
commence earlier than December, and unlike tides with clear predictions and geographic demarcation lines, rainfall has variable intensity, is less predictable, and can occur locally and thus can remain undetected. With higher build-up season rainfall, water pooling can create a greater area of mosquito breeding habitat including up to the maximum high tide limit. This has been shown to be the case in the extensive swamp system adjacent to the northern Darwin suburbs, where tide affected reticulate areas that were comprised of the marsh grass Xerochloa imberbis and the saltwater couch Sporobulus virginicus. This area requires extensive control for Ae. vigilax breeding following rain only or rain and tide events (Kurucz et al. 2009a) . In these areas, consisting of a network of small depressions or pools, high tides over 7.7 m occurring in October and November in association with early wet-season rain, lead to successional inundation and subsequent salt marsh mosquito breeding (Jacups et al. 2009 , Kurucz et al. 2009a ). This creates a moving target and much more extensive area of operations within a limited time frame for larval control teams, who conduct the bulk of their surveys and control efforts with the aid of helicopters over a broad landscape.
As with other studies on mosquito abundance, this study similarly identified the driving meteorological factors of rainfall and temperature, although temperature was excluded as a main effect with assumed constancy, with the identified site being tropical (12 o S) (Scott et al. 2000 , Barrera et al. 2011 , Chaves et al. 2014 . Our findings further indicate that current mosquito control conducted after rainfall and tide events is very successful during the dry-season and wet-season months. However, further adult mosquito peak reductions could be achieved in the build-up period by basing control efforts on cumulative rainfall events occurring prior to the commencement of the wet season. Such a guide to operational larval control might be the use of cumulative rainfall in the preceding week, exceeding the mean plus two standard deviations as a cut-point for operational deployment. For September this is 11 mm, for October 55 mm, and for November 68 mm (Table 3 ). However, due to the dryness of the area, it is most likely that control following initial early build-up rainfall in September and October may only be required if rainfall coincides with a high tide.
To maximize the efficiency of larval salt-marsh mosquito control operations in the swamp system bordering the northern Darwin suburbs, more extensive control should be implemented after accumulated rainfall during the buildup months between September and November each year. This study reiterates the usefulness of applying statistical methods to improve mosquito control services. Previously collected data by service providers for routine monitoring and evaluation can be used in statistical models to obtain solutions to problems without the need for additional data collection field experiments (Bowman et al. 2005 , Allen and Wong 2006 , Jacups et al. 2011 . This method of evaluation may have applications for mosquito surveillance and control programs in other areas.
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